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Abstract.
Iron valence state and local environment in a set of fibrous diamonds from Brazilian and Zairean 
placers were investigated using X-ray Absorption and Mössbauer spectroscopies. It is shown that the 
diamonds could be divided into two main groups,  differing in the type of dominant Fe-bearing 
inclusions.  In  the  first  group  Fe  is  mostly  trivalent  and  is  present  in  octahedral  coordination; 
diamonds from the  second group contain a  mixture  of  Fe2+ and  Fe3+,  most  likely  with  Fe2+ in 
dodecahedral coordination. A few other diamonds contain iron in a more reduced state: the presence 
of  metallic  Fe  and  Fe3O4 is  inferred  from XAS measurements.  Spatially  resolved  XANES and 
Mössbauer measurements on polished diamond plates show that in some cases the Fe valence state 
may change considerably between the core and rim, whereas in other cases Fe speciation and valence 
remain constant. It is shown that Fe valence does not correlate with water and/or carbonate content or 
ratio, suggesting that iron is a minor element in the growth medium of fibrous diamonds and plays a 
passive role. This study suggests that, when present, evolution of the C isotopic composition with 
diamond growth is  largely due to  changes  in  chemistry of  the  growth  medium and not  due to 
variations of fO2.
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1. Introduction
Fibrous diamonds are an important source of information about fluids in the Earth’s upper mantle. 
Currently, many results obtained for the fibrous crystals are generalised to extend to all diamonds, 
though fibrous stones are relatively rare and differ in many respects from more abundant crystals 
grown by  the  tangential  growth  mechanism.  To  check the  validity  of  such  extrapolations  it  is 
important to perform complementary studies of fibrous diamonds. Up to now no information about 
the  redox  conditions  during  fibrous  diamond formation  was  available.  One  of  the  most  widely 
employed methods for assessment of the redox conditions of mineral formation is the investigation of 
iron valence state. In contrast to transition metals such as Ni and Co, Fe is not encountered as a lattice 
impurity in diamonds in appreciable amounts. However, it is well known that fibrous diamonds are 
rich in mineral and fluid microinclusions, and some of them may contain iron. In this study we have 
investigated the Fe redox state and atomic environment in fibrous diamonds from Zaire and Brazil 
using X-ray Absorption (XAS) and Mössbauer spectroscopies. The present data provide information 
that has been averaged over numerous multiphase microinclusions.
2. Samples and methods.
Two sets of fibrous diamonds were studied:
1)  Whole  cubic  and  coated  diamonds  from  Brazilian  placers  (n=8)  and  from  Zaire 
(presumably,  Mbuji-Maji)  (n=8).  The  size  of  the  crystals  was  2-4  mm.  All  diamonds  were 
characterized by IR spectroscopy in its as-received state or after slight polishing. Thickness of some 
of the crystals was high and in these cases absorption by inclusions and nitrogen defects was too 
strong to extract quantitative information, but bands due to carbonates and water were almost always 
observed (Fig. 1). IR absorption spectra of many of the fibrous diamonds are characterized by a 
strong  rise  of  the  background  at  high  wavenumbers  due  to  light  scattering  on  the  inclusions 
(extinction). Unfortunately, our attempts to extract quantitative information about size distribution of 
N
at
ur
e 
Pr
ec
ed
in
gs
 : 
do
i:1
0.
10
38
/n
pr
e.
20
10
.4
45
2.
1 
: P
os
te
d 
12
 M
ay
 2
01
0
the inclusions and to check for correlations between the size and composition of the inclusions failed 
due to technical (divergence of the IR beam in the spectrometer) and theoretical (unknown refraction 
coefficients of the inclusions material) problems.
The most H-rich samples were investigated by 1H Nuclear Magnetic Resonance [Shiryaev et 
al.,  2008a].  Information about  spatial  distribution of  the  inclusions  in  some of  the crystals  was 
obtained using X-ray tomography [Zolotov et al., 2009].
After  acid  treatment  this  set  of  whole  diamonds  was  studied  by  X-ray  Absorption 
Spectroscopy  (XAS)  at  the  Fe  K-edge.  The  spectra  were  acquired  at  room  temperature  in 
fluorescence mode using the synchrotron source at the STM beamline at Russian Research Center 
“Kurchatov Institute” [Chernyshov et al., 2009]. The storage ring Siberia-2 was operated at an energy 
of 2.5 GeV and electron currents of 80 and 120 mA. The spectra were acquired at the first harmonics 
of the bending magnet using a Si(111) double crystal  monochromator;  the sample chamber was 
evacuated to  reduce absorption.  The experimental  curves were processed using Athena software 
[Ravel and Newville, 2005]. Various iron compounds were employed for standardization; in addition, 
spectra of several plausible Fe compounds were calculated using FEFF8. The complexity of mineral 
species in inclusions in fibrous diamonds means that the main emphasis must be placed on the Near-
Edge region, i.e., XANES part of the spectra (usually from ~60 eV below until ~100 eV above the 
absorption edge). The size of the incident X-ray beam on the sample was approx. 1 mm2, and the 
penetration depth was ~0.4-0.8 mm. 
2) Another set of samples consists of four plates laser-cut from Brazilian fibrous diamonds to 
reveal an internal structure. These diamonds were described in considerable detail by Shiryaev et al. 
(2005). These diamonds are remarkable since in some of them the chemistry of microinclusions as 
well as the C and N isotopes reflect a gradual evolution of the growth medium. This set of diamonds 
was studied by Mössbauer and X-ray Absorption spectroscopies. Mössbauer spectra of these fibrous 
diamonds were obtained on the bulk sample as well as on the central and peripheral regions that 
showed  the  greatest  contrast  on  cathodoluminescence  images  and  variations  in  carbon  isotopic 
composition as reported by Shiryaev et al. [2005]. For the XANES measurements of these diamond 
plates the incident X-ray beam was slit limited to 300x300 m 2 and samples were measured in 
fluorescence mode. However, the number density of inclusions in these diamonds is rather low and 
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the spectra are characterised by poor signal/noise ratio, thus providing only qualitative information. 
Focusing of the beam to smaller spots was also attempted (Photon factory at KEK, H. Kagi, personal 
communication), but was shown to be impractical. 
Mössbauer spectra were recorded at room temperature (293 K) in transmission mode on a 
constant acceleration Mössbauer spectrometer at Bayerisches Geoinstitut with a nominal 370 MBq 
57Co high specific activity source in a 12 m  thick Rh matrix. The velocity scale was calibrated 
relative to 25 m  thick - Fe foil using the positions certified for (former) NBS reference material 
no. 1541; line widths of 0.36 mm/s for the outer lines of - Fe were obtained at room temperature. 
For the micro-Mössbauer measurements a piece of 25 m  thick Ta foil (absorbs 99% of 14.4 keV 
- quanta) was drilled with a hole with diameter from 400 to 1000 m  and placed over the area to 
be studied. The thickness of the diamond plates ranged from 380 to 420 m ,  and was used in 
conjunction  with  electron  microprobe  analyses  [Shiryaev  et  al.,  2005]  to  estimate  Mössbauer 
thicknesses to range from 5 to 10 mg Fe/cm2. The spectra were recorded at room temperature in 
transmission mode on a constant acceleration Mössbauer spectrometer. Spectra of bulk samples took 
3-4 days each to collect, while spectra of specific regions took 6-13 days each to collect, and all 
spectra were fitted using the commercially available fitting program NORMOS. 
It  is  important  to  note that  the regions from which micro-Mössbauer  and micro-XANES 
spectra were collected are not completely identical and in some of the diamonds with fine zoning 
these two techniques could have probed somewhat different populations of microinclusions.
3. Results and discussion
3.1. X-ray Absorption Spectroscopy of bulk diamonds
The position, shape and intensity of the pre-edge peak in the XANES spectrum can be used 
for estimation of the Fe2+/Fe3+ ratio and depends on the symmetry of the Fe environment [Galoisy et 
al., 2001; Wilke et al., 2001]. Sample differences are seen in the shape of the absorption edge 
The  XANES  measurements  reveal  variability  between  Fe  K-edge  spectra  of  different 
diamonds, pointing to the existence of several iron-containing phases. Interpretation of XAS spectra 
of  fibrous  diamonds  is  complicated  and  unique  identification  is  doubtful  since  numerous  Fe-
containing  phases  may  coexist  in  a  single  stone.  In  this  subsection  we  discuss  measurements 
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performed on whole diamonds (bulk XANES); micro-XANES measurements of Brazilian flats are 
discussed in the next section together with micro-Mössbauer results.
According to bulk XANES spectra the studied diamonds can be divided into two main groups 
with iron predominantly in the 3+ and 2+ states (Fig. 2). The spectra of 5 Brazilian and 1 Zairean 
diamonds are characterized by a weak pre-edge peak, and the main edge has two peaks at 7134 and 
7147 eV with another broad maximum around 7180 eV. These XANES spectra are consistent with 
spectra  of  minerals  with  trivalent  iron  in  octahedral  coordination  [Wilke  et  al.,  2001]  and,  in 
particular, with - hematite. However, exact identification of the iron-bearing phase from XANES 
spectra  alone is  barely possible,  since spectra  of  several  plausible  mineral  species (such as  -
hematite, goethite, ferrihydrite or hydrated Fe3+ sulphate) are rather similar. It is interesting to note 
that the similarity of the observed spectra with goethite or hydrated sulphate may indicate that iron is 
present in hydrous glass or fluid.
The spectra of the diamonds from the second group (3 Zairean and one Brazilian) are 
characterized by an almost absent pre-edge peak, a rather strong absorption edge with components at 
7128 and 7137 eV, and another broad maximum at around 7170 eV. These diamonds contain a 
mixture of Fe2+ and Fe3+. The low pre-edge/white line ratio suggests that Fe2+ coordination is higher 
than octahedral, and may indicate that in these diamonds, iron is present in cubic or in cubooctahedral 
(dodecahedral)  coordination.  These spectra  resemble iron-bearing garnets  [Quartieri  et  al.,  1993, 
Wilke et al., 2001].
In addition to the above mentioned two groups, one diamond from Zaire and one from Brazil 
show a different type of spectra, the most pronounced difference being in the amplitude of the pre-
edge peak. Spectra of these diamonds resemble a mixture of metallic Fe (10-15%) with Fe3O4 (Fig. 
3). One Zairean crystal may contain FeCO3. 
3.2. X-ray Absorption and Mössbauer Spectroscopies of diamond flats
Mössbauer spectra of all samples are similar (Fig. 4) and show a broad absorption superimposed 
by a narrow doublet near 0 mm/s. The spectra were therefore fitted to a Lorentzian quadrupole 
doublet and a broad Lorentzian magnetic sextet with centre shift constrained to be equal to that of the 
quadrupole doublet. The latter constraint was added for consistency between spectra, but did not 
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change the results. In some spectra a second Lorentzian quadrupole doublet was added to account for 
additional absorption near +2 mm/s. Conventional constraints were applied to the components of each 
doublet (i.e., equal area and width).
The broad absorption observed in all diamonds is rather unusual and could be interpreted at least 
in two ways: a) paramagnetic relaxation of Fe3+ ions in diluted concentrations, possibly in glass; and 
b) magnetically-ordered fine grained magnetite. Both of these interpretations are plausible from a 
mineralogical  point  of  view: iron might  be present  in  quenched hydrous melt  and micron-sized 
magnetite crystals are observed in other types of inclusions-rich diamonds, such as black diamonds 
[Prinz et al., 1975; Sobolev et al., 1998].
The centre shifts of the spectral components can be used to infer the nature of iron corresponding 
to each absorption feature. The centre shift of the narrow quadrupole doublet is close to 0 mm/s, and 
indicates iron occurring either as Fe3+ or Fe0, or both. 
Some of the possibilities that would be consistent with the Mössbauer data are the following: 
(1) Fe3+ in low concentrations in a poorly crystallized phase. This could give rise to both the doublet 
and the sextet:
(2) Fe3+ in a well defined crystalline environment (doublet) and Fe3+ in low concentrations in a poorly 
crystallised phase (sextet);
(3) Fe0 in an alloy in low concentrations or as fine particles (on the order of 100 nm) (doublet + 
sextet);
(4) Fe3+ in a well defined crystalline environment (doublet) and fine-grained magnetite (sextet).
The centre shift of the quadrupole doublet with larger splitting that occurs in some spectra is 
consistent with paramagnetic Fe2+. However, since the iron sites may be located in different phases 
and the relative iron contents of the phases are unknown, the relative areas cannot be used to measure 
Fe3+/ F e  or phase abundance. 
Both XANES and Mössbauer spectra of coated diamond BR1 (mostly hydrous-silicic inclusions 
[Shiryaev et al., 2005]) show clear differences in Fe oxidation state and speciation between core and 
coat: the core contains Fe3+ (with possible admixture of Fe2+), whereas Fe2+ is concentrated in the coat 
(Fig. 4). This diamond is highly heterogeneous in N concentration and C and N isotopic composition. 
Spectroscopic, chemical and isotopic data as well as cathodoluminescence and X-ray topography 
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make clear that this diamond grew in at least two separate events from different growth mediums. 
Therefore, the observed heterogeneity of Fe oxidation state is not surprising. As suggested by analysis 
of the chemistry of microinclusions in this diamond the growth of its coat could have proceeded 
simultaneously with fractionation of a Mg-Fe silicate (olivine?), which leads to higher Al2O3 and CaO 
and lower MgO and FeO in the trapped fluids. Fractionation of SiO2-poor phases (e.g., olivine) could 
result from interaction of silicates with alcaline carbonatitic melts [Shiryaev et al., 2005; Safonov et 
al., 2009].
According  to  the  XANES spectra  the  fibrous  diamond BR2 (mostly  carbonatitic  inclusions) 
contains Fe2+ in all parts; Fe speciation/valence does not vary between centre and edge, despite a 
changing carbonate/(carbonate+water) ratio as inferred from IR. In fibrous diamond BR5 iron is 
present mostly as Fe2+; the speciation possibly changes slightly. This diamond grew from contrasting 
environments: the core from silicic ( 13Cave>-5 ‰) and the rim from carbonatitic ( 13Cave<-5 ‰) 
fluids.
4. Conclusions
This study is the first attempt to obtain information about iron valence state and speciation in 
fibrous diamonds. The chemical and mineralogical complexity of the inclusions in these diamonds 
makes such bulk studies difficult, but nevertheless some conclusions can be made. The diamonds can 
be divided into two roughly equal groups. In diamonds of the first group iron is mostly present in the 
3+ state in octahedral coordination. This group of diamonds is represented mostly by Brazilian stones, 
but the statistics are too limited to make justified conclusions. The diamonds of the second group 
contain mostly Fe2+ in cubic or cubooctahedral coordination. Several of the studied diamonds cannot 
be put into either of these two groups and show different types of spectra. One of the most important 
results of this study is the observation of metallic iron in one African fibrous diamond. Metallic iron 
and FeO were found in diamond mono- and polycrystals [Sobolev et al., 1981; Gorshkov et al., 1995; 
Scott-Smith et al., 1984, Jacob et al., 2004]. In fibrous diamonds inclusions of native Fe or FeO were 
not described earlier, though occasional presence of highly reduced phases such as SiC was reported 
[Klein  BenDavid  et  al.,  2007].  The  origin  of  such  phases  remains  highly  debated.  Mechanical 
trapping of such phases during growth in extremely reduced environments and/or local reduction 
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processes such as serpentinisation could be invoked. Formation of these highly reduced phases (SiC, 
native  Fe)  may  result  from  electrochemical  processes  operating  in  rather  oxidised  conditions 
[Devyatkin et al., 2002]. It is possible that the metallic iron is present as submicron particles and its 
unusual stability reflects an influence of particle size on their thermodynamics [e.g., Urusov et al., 
1997]. It is interesting to note that according to a XANES study of Fe valence in synthetic diamonds 
grown from Fe-Ni melt [Meng et al., 2003], i.e., in very reducing conditions, iron is oxidised to Fe2+ 
and is likely present as microscopic inclusions of FeO and not as iron carbide or metal.
Interestingly, Fe valence/speciation as determined by XANES and/or Mössbauer spectroscopy 
does not show an obvious correlation with results obtained by other techniques (IR, SIMS and EMP). 
In particular, iron seems to be decoupled from water and carbonates. As mentioned above, two of the 
studied  Brazilian  flats  (BR1 and  BR5) show pronounced evolution  of  chemical  composition  of 
microinclusions and of C and N isotopes [Shiryaev et al., 2005]. Changes in redox conditions of the 
diamond growth medium may explain isotopic evolution of diamond carbon. Such redox changes 
could also be manifested as variations in Fe oxidation state in trapped inclusions. The results of the 
current measurements apparently do not support such a gradual redox evolution, but to make firm 
conclusions it is highly desirable to repeat them with spatial resolution comparable to that of isotopic 
SIMS, i.e., 50-100 microns. At present we believe that the current work provides additional support to 
the  suggestion  that  the  isotopic  evolution  of  growing  diamond  is  mostly  caused  by  fractional 
crystallization of carbonates and diamonds [Shiryaev et al., 2005]. The XANES measurements on 
diamond flats show that iron speciation may change with diamond growth, but the absence of the 
correlation between Fe valence/speciation and other data implies that iron is a minor element in the 
growth medium of fibrous diamonds and, therefore, plays a passive role.
Acknowledgements: AAS is  grateful  for  a  Russian  President  grant  MK-147.2007.5  and to  the 
Alexander von Humboldt Foundation for partial financial support.
References
Ankudinov, A.L., and Rehr. J.J., Relativistic Spin-dependent X-ray Absorption Theory. Physical 
Review, 1997, B56, R1712.
N
at
ur
e 
Pr
ec
ed
in
gs
 : 
do
i:1
0.
10
38
/n
pr
e.
20
10
.4
45
2.
1 
: P
os
te
d 
12
 M
ay
 2
01
0
Chernyshov, A.A., Veligzhanin, A.A., Zubavichus, Y.V., Structural Materials Science end-station 
at the Kurchatov Synchrotron Radiation Source: Recent instrumentation upgrades and experimental 
results. Nuclear Instruments and Methods in Physics Research 2009, A603, 95–98.
Devyatkin, S.V., Pisanenko, A.D. and Shapoval, V.I., Chemical and electrochemical behaviour of 
carbonate melts containing silicon oxide. Russian Journal of Applied Chemistry 2002, 75(4), 562-
564.
Galoisy, L., Calas, G., Arrio, M.A.. High-resolution XANES spectra of iron in minerals and 
glasses: structural information from the pre-edge region, Chemical Geology, 2001, 174, 307–319.
Gorshkov, A.I., Titkov, S.V., Sivtsov, A.V., Bershov, L.V., Marfunin, A.S. First findings of the 
native Cr, Ni and a-Fe in carbonados from Yakutian diamond deposits. Geokhimiya, 1995, 588–601.
Jacob, D.E., Kronz, A., Viljoen, K.S., Cohenite, native iron and troilite inclusions in garnets from 
polycrystalline diamond aggregates. Contributions to Mineralogy and Petrology, 2004, 146, 566-576.
Klein-BenDavid,  O.,  Wirth,  R.,  Navon,  O.  Micrometer-scale  cavities  in  fibrous  and  cloudy 
diamonds — A glance into diamond dissolution events. Earth and Planetary Science Letters  2007, 
264, 89–103.
Meng, Y., Newville, M., Sutton, S., Rakovan, J., and Mao, H.-K. Fe and Ni impurities in synthetic 
diamond, American Mineralogist, 2003, 88, 1555–1559.
Prinz,  M.,  Manson, D.V.,  Hlava,  P.F.,  Keil,  K. Inclusions in  diamonds: garnet  lherzolite and 
eclogitic assemblages. Physics and Chemistry of the Earth, 1975, 9, 797-815.
Quartieri, S., Antonioli, G., Lottici, P.P., and Artioli, G., X-ray absorption study at the Fe K-edge 
of garnets from the Ivrea-Verbano zone. Mineralogical Magazine, 1993, 57, 249-256.
Ravel,  B.  and  Newville,  M.,  ATHENA, ARTEMIS,  HEPHAESTUS: data  analysis  for  X-ray 
absorption spectroscopy using IFEFFIT, Journal of Synchrotron Radiation, 2005, 12, 537.
Safonov  O.G.,  Chertkova  N.V.,  Perchuk L.L.,  Litvin  Yu.A.,  Experimental  model  for  alkalic 
chloride-rich liquids in the upper mantle; Lithos, 2009, 112, Suppl. 1, 260-273.
Scott-Smith,  B.H.,  Danchin T.V.,  Harris  J.W.,  Stracke K.J.,  Kimberlites  near  Orroroo,  South 
Australia.  In:  Kornprobst,  J.  (ed)  Kimberlites  II:  the  mantle  and  crust-mantle  relationships. 
Amsterdam, Elsevier, 1984, 121-142. 
Shiryaev, A.A., Israeli, E.S., Hauri, E.H., Zakharchenko, O.D., Navon, O.. Chemical, optical and 
isotopic investigation of fibrous diamonds from Brazil,  Russian Geology and Geophysics,  2005, 
46(12), 1185-1201
Shiryaev,  A.A.,  Ishikawa,  H.,  Takegoshi,  K.,  1H NMR and IR study of  hydrogen in  fibrous 
diamonds, Extended Abstracts of XIII All-Russian conference on Thermobarogeochemistry and IV 
APIFIS symposium, Moscow, 2008a, http://www.minsoc.ru/2008-1-43-1/.
Sobolev,  N.V.,  Yefimova,  E.S.,  Channer,  D.M.DeR.,  Anderson,  P.F.N.,  and  Barron,  K.M., 
Unusual  Upper  mantle  beneath  Guaniamo,  Guyana  shield:  Evidence  from  diamond  inclusions. 
Geology, 1998, 26, 971-974.
Sobolev,  N.V.,  Yefimova,  E.S.,  Pospelova  L.N.,  Native  iron  in  Yakutian  diamonds  and  ist 
paragenesis. Geologiya i Geofizika, 1981, 22, 25-29.
Urusov V.S., Tauson V.L., Akimov V.V., Solid state geochemistry, GEOS, Moscow, 1997
Wilke, M., Farges, F., Petit, P.-E., Brown, Jr.G.E., and Martin, F. Oxidation state and coordination 
of Fe in minerals: An Fe K-XANES spectroscopic study. American Mineralogist, 2001, 86, 714–730.
N
at
ur
e 
Pr
ec
ed
in
gs
 : 
do
i:1
0.
10
38
/n
pr
e.
20
10
.4
45
2.
1 
: P
os
te
d 
12
 M
ay
 2
01
0
Zolotov DA, Buzmakov AV, Shiryaev AA, Asadchikov V.E. X-ray Computer Tomography of 
Natural Fibrous Diamonds and Ballas. Journal of Surface Investigation – X-ray, synchrotron and 
neutron techniques; 2009, 3, Iss. 5, 659-664.
N
at
ur
e 
Pr
ec
ed
in
gs
 : 
do
i:1
0.
10
38
/n
pr
e.
20
10
.4
45
2.
1 
: P
os
te
d 
12
 M
ay
 2
01
0
Figure captions
Figure  1.  Infrared  absorption  spectrum  of  one  of  the  studied  crystals  (BR1).  The  rise  of  the 
background towards high wavenumbers due to light scattering on microinclusions is clearly seen.
Figure 2.  Fe K-XANES spectra  of fibrous diamonds of the two most  representative groups and 
FEFF8 calculations for some plausible Fe compounds. The inset shows the absorption edge of the 
core and rim parts of diamond BR1, demonstrating differences in the Fe oxidation state.
Figure  3. Fe K-XANES spectra of two diamonds, likely containing metallic Fe and magnetite.
Figure 4. Mössbauer spectra of Brazilian diamonds exemplifying various concentrations of Fe2+ (light 
blue doublet at 0 and +2 mm/s) and Fe3+ (green doublet centred near 0 mm/s). BR1. a: - spectrum of 
the whole diamond BR1, where iron is present in 2+ and 3+ states; b - spectrum of the core of BR1, 
iron is mostly trivalent; c - whole diamond BR3. The broad absorption (dark blue) likely corresponds 
to Fe3+ (see text).
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